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ABSTRACT

In this study, the diurnal cycles in rain accumulation, intensity, and frequency are investigated for the 1997—
2001 time period using measurements from self-siphoning rain gauges on moored buoys within the tropical
Pacific and Atlantic Oceans. These measurements are unique in that they provide in situ, quantitative information
on both the amplitude and phase of diurnal variability in tropical oceanic precipitation over an extended period
of time at selected locations. Results indicate that the diurnal and semidiurnal harmonics explain a significant
portion of the diurnal variance for all three rainfall parameters at the buoys. The diurnal harmonic in particular
dominates the composite diurnal cycle in hourly rain accumulation, with a maximum from 0400 to 0700 local
time (LT) and a minimum around 1800 LT. An early morning maximum and evening minimum are also observed
in the composite diurnal cycles of rain intensity and frequency, indicating that both are contributing to the
diurnal cycle in accumulation. Afternoon maxima in accumulation are also observed at several locations and
are generally associated with maxima in rain intensity. While there is considerable variation in the estimates of
the diurnal cycle both seasonally and regionally (especialy for intensity), the results are overall consistent with

previous studies of the diurnal cycle in rainfall and tropical cloudiness.

1. Introduction

Our ability to describe the diurnal cyclein rainfall is
fundamental to understanding the processes that control
convection in the Tropics.* The dependence of the stage
of convection on time of day provides clues as to what
constitutes a favorable environment for convective de-
velopment and what processes are important at different
points in the convective life cycle. The diurnal cyclein
rainfall also influencesthe diurnal cyclein ocean mixing
and thus upper-ocean heat and salt budgets. Short-term
variability in surface temperature and rainfall inevitably
affects satellite measurements, which must account for
such variability in their measurement schemes (e.g.,
Trenberth et a. 2003). Numerical models also require

* Joint Institute for the Study of the Atmosphere and Ocean Con-
tribution Number 966 and National Oceanic and Atmospheric Ad-
ministration/Pacific Marine Environmental Laboratory Contribution
Number 2592.

t We define diurna cycle to mean the variability in rainfall on all
time scales up to 1 day.
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accurate rainfall measurements on short time and small
space scales in order to validate convective parameter-
izations and ultimately improve model hydrological cy-
cles (Yang and Slingo 2001).

Several studies of the diurnal cyclein tropical oceanic
rainfall rely on indirect measurements of precipitation
from satellites (e.g., Reed and Jaffe 1981; Albright et
al. 1985; Janowiak et al. 1994; Chen and Houze 1997;
Yang and Slingo 2001; Sorooshian et al. 2002; Neshitt
and Zipser 2003). While based on indirect observations
of precipitation, these studies provide information about
the diurnal cycle in rainfall over large areas and over
open ocean regions not easily observed in situ. The
collective result of these studies indicates that tropical
open ocean cloudiness has a predawn maximum. An
afternoon maximum in cloudiness is also observed in
some regions such as the South Pecific convergence
zone (SPCZ; Albright et al. 1985), the east Pacific ITCZ
(YYang and Slingo 2001; Sorooshian et al. 2002) and the
tropical Atlantic (Reed and Jaffe 1981; Yang and Slingo
2001). Janowiak et al. (1994) find that while deep clouds
tend to peak in the predawn hours over tropical oceans,
midlevel clouds peak in the afternoon. Similarly, Yang
and Slingo (2001) also find that while there is a general
trend for open ocean cloudiness to occur in the early-
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morning hours, the phase of maximum cloudiness can
be highly variable near coastlines and even over open
ocean.

Surface observations of the diurnal cycle in oceanic
rainfall are limited. Sui et al. (1997) use four months
of data from surface radars collected for the Tropical
Ocean Global Atmosphere Coupled Ocean—Atmosphere
Response Experiment (TOGA COARE) to investigate
the diurnal cycle in rainfall in the western tropical Pa-
cific. Consistent with satellite studies such as those men-
tioned above, Sui et al. (1997) find that both stratiform
and convective rainfal is maximum in the predawn
hours. They also observe a secondary maximum in con-
vective rainfall in the afternoon associated with less
organized systems, in agreement with the Janowiak et
al. (1994) satellite analysis. In another study, Gray and
Jacobson (1977) use direct measurements of rainfall
from island gauges in the Pacific for investigating the
diurnal cyclein rainfal. They find that while the larger
islands are subject to land heating effects resulting in
an afternoon maximum in rainfall, the smaller islands
are more consistent with other studies of tropical oce-
anic rainfall diurnal variability, exhibiting an early-
morning maximum.

Janowiak et al. (1994) also observe an early-morning
maximum in the frequency of rain when comparing their
Tropics-wide satellite analysis to Comprehensive Ocean
Atmosphere Data Set (COADS) observations of rain
type collected by shipboard observers within the west-
ern tropical Pacific over a 10-yr period. They addition-
ally observe an early-morning maximum in the fre-
quency of heavy rain using measurements from five
optical rain gauges on buoys in the west Pacific warm
pool region deployed during TOGA COARE. Da
(2001) presents perhaps the most extensive study to date
of surface precipitation data, using weather station data
from land, island, and ocean stations, as well as ship-
board data from COADS collected over a 22-yr period
to examine the diurnal cycle in the frequency of rain
over global land and ocean regions. This study also finds
an early-morning maximum in the frequency of rain
over open ocean for several types of rain. While col-
lectively these studies have contributed greatly to our
knowledge of in situ rainfall variability over a large
portion of the globe, they either rely on a subjective
classification system for observing rainfall (Janowiak et
al. 1994; Dai 2001) or are fairly limited in time and
space (Gray and Jacobson 1997; Janowiak et al. 1994,
Sui et a. 1997).

In this study the diurnal cycle in rainfall is investi-
gated using 1997-2001 measurements from self-si-
phoning rain gauges on Autonomous Temperature Line
Acquisition System (ATLAS) buoys within the Tropical
Atmosphere-Ocean/Triangle Trans-Ocean Buoy Net-
work (TAO/TRITON) in the tropical Pacific and the
Pilot Research Moored Array in the Tropical Atlantic
(PIRATA) buoy arrays. Rainfall data from the East Pa-
cific Investigation of Climate (EPIC) ATLAS buoys at
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12°, 10° and 3.5°N along 95°W are also included in this
study. The TAO/TRITON, EPIC, and PIRATA buoy
arrays offer the first in situ quantitative measurements
of tropical oceanic precipitation over an extended period
of time in critical rain areas throughout the tropical Pa-
cific and Atlantic Ocean basins. The spatial distribution
of the buoys and their long time series allow us to or-
ganize the data into seven rainfall regions, from which
we discuss both regiona and seasonal characteristics of
the diurnal cycles in rain accumulation, intensity, and
frequency.

2. Buoy measurements

ATLAS buoys are designed and assembled at the Na-
tional Oceanic and Atmospheric Administration/Pacific
Marine Environmental Laboratory (NOAA/PMEL) for
the TAO/TRITON and PIRATA arrays. Standard AT-
LAS measurementsinclude 3-m air temperature and rel-
ative humidity, 4-m wind speed and direction, and ocean
temperatures at 11 depths from 1 to 500 m. Next Gen-
eration ATLAS buoys, deployed for PIRATA and at
selected locations in the Pacific since 1997, can also
nominally measure shortwave radiation, precipitation,
and salinity. Next Generation ATLAS buoys were de-
ployed along 95°W in early 2001 as part of EPIC. Ad-
ditional moorings at 12°, 10° and 3.5°N along 95°W
were also deployed at thistime as part of the EPIC long-
term monitoring array and were recovered in the fall of
2003. Rainfall data from the Next Generation ATLAS
buoys within the TAO/TRITON, EPIC, and PIRATA
arrays collected from June 1997 to December 2001 are
the focus of this study (Fig. 1).

The ATLAS buoys measure precipitation using self-
siphoning rain gauges (R. M. Young Co.) mounted 3.5 m
above the ocean surface. A complete description of the
rain gauges used on ATLAS buoys and their error char-
acteristics is given in Serra et a. (2001). Briefly, this
study finds that the random error in hourly rain ratesis
on the order of 0.15 mm h-*. While such accuracy is
available from the ATLAS rain gauges, we have chosen
to use a tolerance of 0.5 mm h-1, or a value approxi-
mately halfway between R. M. Young Co.’s accuracy
specifications of 1.0 mm h—* and the threshold suggested
by Serra et al. (2001) to calculate rain intensity and
frequency. A threshold of 0.5 mm h-* is also used by
Yuter and Parker (2001) in their analysis of rainfall from
these siphon gauges. Using asmaller threshold increases
the average frequency of rain and decreases the average
intensity over time periods longer than a day, but does
not significantly affect the amplitude or phase of the
diurnal cycle in these parameters. Thisis primarily due
to the fact that rain rates less than 0.5 mm h-* do not
contribute to the diurnal cyclein therainfall parameters,
asindicated, for example, by the lack of adiurnal cycle
in the frequency of light rain shown in Janowiak et al.
(1994).

The largest systematic error for siphon gauges is due
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Fic. 1. TAO, EPIC, and PIRATA buoys overlaid on CMAP monthly rainfall for (a) Jun—-Nov and (b) Dec—May.
Colored squares denote buoys within the seven rainfall regions used for this study.

to wind effects, which may bias the rain rates to be low
by about 10%-50% for the wind speeds encountered at
ATLAS buoys (Serra et al. 2001). A correction for this
effect is provided in Serra et al. (2001) based on Kosch-
mieder (1934). We have analyzed both the uncorrected
and corrected buoy data for this study. In general, we
find that the wind speed correction increases average
rain intensity and frequency over time periods longer
than aday but haslittle affect on the magnitude or phase
of the diurnal cycle in these parameters. Thisis likely
due to the fact that the amplitude of the diurnal cycle
in wind speed is on the order of 0.2 m s~* (Deser and
Smith 1998). Wind speed anomalies of this magnitude
would have little or no measurable effect on the un-
dercatchment errors at the gauges. Because there is no
wind speed correction available specific to the rain
gauges used for this study and we are primarily inter-
ested inthediurnal cycleintherainfall parametersrather
than their long-term averages, we present the results for
the uncorrected rainfall data. However, wherelong-term
means are provided, both the uncorrected and corrected
values are shown. The difference between the two in-

dicates the expected magnitude of wind-induced errors
for our long-term mean calculations.

3. Methodology
a. Calculation of the diurnal cycle

ATLAS rain accumulation data are recorded at 1-min.
intervals. These raw data are smoothed to hourly inter-
vals using a 121-point (2 h) Hanning window. Smooth-
ing with a 2-h Hanning window removes variability on
time scales shorter than 1 h, thus these data nominally
include variance at periodsfrom 1-h to therecord length.
To get hourly rain rates or accumulations, the smoothed
accumulation data are differenced over 1-h intervals,
centered on the hour. We refer to these data as hourly
accumulations or rainfall amount throughout the re-
mainder of the text.

The frequency of rain events (F; in %) and their in-
tensity (I; in mm h-1) are related to rainfall accumu-
lation (or amount, A; in mm) through the following
equation:
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A = (F/100) X | X AT, 1)

where AT is the time interval. For the purposes of this
study, AT will be 1 h, and (1) will apply to average
diurnal cycles, unless otherwise noted. We define arain
event as any hour with an accumulation of greater than
0.5 mm. Thus, in the above equation rainfall frequency
is the number of hourly accumulations greater than 0.5
mm divided by the total number of observations col-
lected for agiven local hour. These values are multiplied
by 100 to get percent. Similarly, rainfall intensity in the
above equation is the average of hourly accumulations
greater than 0.5 mm for each local hour. By definition,
rainfall frequency is a single number for any given hour
and thus has no standard deviation associated with it.
The 95% confidence limits for A and | are provided in
the figures. Because there is only one local hour per
day, each day of data is weighted equally for each pa-
rameter in (1).

As rain accumulation and intensity tend to be log-
normally distributed, we define the composite diurnal
cycle in these quantities using the lognormal mean and
standard deviation of all hourly datafor each local hour.
Lognormal statistics place more weight on larger values
to account for the fact that rainfall is a positive definite
quantity and as a result has values concentrated near
zero.

Block averaging the hourly data by local hour, asis
done here, risks aliasing variability at lower frequencies
into the calculation of the mean diurnal cycle. On the
other hand, calculation of intensity and frequency is
complicated if high-passed accumulation time seriesare
used. Our calculations show that the high-passed ac-
cumulations provide similar diurnal cycles as the un-
filtered hourly data, suggesting that aliasing is not a
significant issue for this calculation.

The amplitude and phase of the diurnal and semidi-
urnal harmonics of the diurnal cycles in the rainfall
parameters are found by fitting the mean diurnal cycles
to the following equation,

S+ S=S+ S(wt) + Sw,t)
=S + (b, cosw,t + ¢, Sinw;,t)

+ (b, cosw,t + ¢, Sinw,t), 2
wheret = 1, 2, 3, ..., 24. In the above equation w, =
2724, w, = 27/12, S, and S, are the amplitudes of the
diurnal and semidiurnal harmonics, respectively, and S
istheir sum. The mean value S of therainfall parameters
is also included in (2). We determine the relative sig-
nificance of the diurnal and semidiurnal harmonics for
the rainfall parameters by calculating the diurnal vari-
ance explained by S, S,, and S

b. Classification of the data into seven regions and
two seasons

TAO/TRITON, EPIC, and PIRATA buoy locations
are overlaid on the Climate Prediction Center (CPC)

SERRA AND MCPHADEN

3499

Merged Analysis of Precipitation (CMAP) rainfall (Xie
and Arkin 1997) averaged for June-November (J-N)
and December—May (D—M) in Fig. 1, where CMAP
seasonal means are based on the 1997-2001 time period.
Because of gaps in the buoy rainfall data, especially
along 95°W, we choose to analyze the data using 6-
month seasons rather than the more typical 3-month
seasons. Similarly, we group the datainto seven rainfall
regions based on proximity and similarity in the sea-
sonal cycle of rainfall. Serraand M cPhaden (2003) show
(December 1997-December 2001) time series of buoy
monthly accumulations, along with Tropical Rainfall
Measuring Mission (TRMM) and CMAP monthly ac-
cumulations, for a subset of the regions highlighted in
Fig. 1. While there is some deviation at particular sites,
in general buoys north of 5°N within the eastern Pacific
and western Atlantic ITCZs have maximum monthly
accumulations during J-N, while buoys at 3.5° and 5°N
along 95°W and at 0°, 35°W and 4°N, 38°W in the
southern portion of the ITCZ regions have maximum
monthly accumulations during D—M (data not shown).
The CMAP data shown in Fig. 1a support these results,
indicating that during J-N the buoys at the northern
extent of the ITCZ regions[north-northeast Pacific (NE-
PAC-N), northwest Atlantic (NWATL)] receive most of
the rainfall. This situation is reversed for D—-M (Fig.
1b), when the buoys at the southern portion of the ITCZ
regions receive most of the rainfall [south-northeast Pa-
cific (NEPAC-S), equatorial western Atlantic
(EQWATL)]. In contrast, little seasonal variation in
rainfall is observed at the buoys in the northwest Pacific
(NWPAC), equatorial west Pacific (EQWPAC), and
southwest Pacific (SWPAC) regionsin either the CMAP
datashownin Fig. 1 or the buoy monthly accumul ations
shown in Serra and McPhaden (2003). The observed
seasonality of rainfall at the buoys is also consistent
with the results of Mitchell and Wallace (1992). Based
on these results, we divide the rainfall data into two 6-
month seasons and seven regions as defined in Fig. 1
to help with our interpretation of the data.

Table 1 lists the average number of days with rain
(i.e., days with at least one hourly accumulation value
>0.5 mm) and the average number of days with data
for each buoy, as well as the totals for the composite
dataset, where the average is based on the number of
observations for each local hour. The composite data
consist of nearly 1200 days of rain and nearly 19 000
days of data. The total number of days with rain and
the total number of days with data for each region and
for the J-N and D-M seasons are shown in Table 2.
Composite seasons have over 1000 days of data, of
which at least 70 are dayswith rain during rainy seasons.

It can be seen from the deployment dates in Table 1
that the time period for this study encompasses part of
the 1997 El Nifio and all of the 1998-2000 La Nifia,
making the data slightly biased toward cold conditions
in the Tropics. The difference between the 1997—2001
averages shown in Fig. 1 and the long-term climatol-
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TaBLE 1. Rainfall data used for this study. Also see Fig. 1 for a map of buoy locations. Dates are given in yy-mm-dd format.

No. of days No. of days
Region Location First deployment date Last deployment date with rain with data

NWPAC 8°N, 165°E 97-06-10 01-12-31* 85 1000
5°N, 165°E 97-06-11 01-12-31* 140 1503

EQWPAC 2°N, 165°E 98-01-07 01-12-31* 68 1275
0°, 165°E 98-01-08 01-11-04 19 701

2°S, 165°E 97-06-15 01-12-31* 48 931

SWPAC 5°S, 165°E 98-01-11 01-11-05 78 1033
8°S, 165°E 97-06-17 01-12-31* 150 1683

NEPAC-N 9N, 140°W 99-09-16 01-12-31* 88 846
8°N, 125°W 97-10-04 98-05-66 14 234

8°N, 110°W 97-08-22 98-10-22 29 309

12°N, 95°W 00-11-12 01-12-31* 5 247

10°N, 95°W 99-12-01 01-12-31* 15 698

8°N, 95°W 97-08-05 01-12-31* 46 836

NEPAC-S 5°N, 140°W 98-05-14 01-12-31* 75 1470
5°W, 95°W 99-05-26 01-11-23 55 796

3.5°N, 95°W 99-11-29 01-11-24 26 722

NWATL 12°N, 38°W 99-02-03 01-01-06 26 1107
8°N, 38°W 98-01-30 01-04-17 73 1253

EQWATL 4°N, 38°W 00-03-20 01-12-31* 58 77
0°, 35°W 98-01-21 01-12-31* 80 1435

Total for the seven regions 1178 18 856

* Deployment extends beyond the end date shown, but only data through 31 Dec 2001 are used in this study.

ogies of CMAP rainfall (not shown) indicate that the
warm pool and accompanying rainfall are shifted toward
the west compared to “‘normal’ for our data. These
anomalies mainly affect the buoys along 165°E in the
west Pacific. While the time series is too short to in-
vestigate the interannual variability in the diurnal cycle
of rainfall, we do not expect that biases in our data due
to predominant La Nifia conditions would change the
general nature of the findings reported herein.

4. Results

a. Composite diurnal cycles in the rainfall
parameters

Figure 2 shows the composite diurnal cycle in hourly
accumulation A, intensity |, and frequency F for all
seven ocean regions combined. Also showninthisfigure

TaBLE 2. Number of days with rain and number of days with data
by season for the seven regions defined in Fig. 1.

No. of days with rain No. of days with data

Region Jun-Nov  Dec-May Jun-Nov  Dec-May
NWPAC 126 99 1420 1084
EQWPAC 71 65 1676 1232
SWPAC 91 137 1210 1506
NEPAC-N 145 51 1152 1952
NEPAC-S 36 120 1476 1513
NWATL 89 10 1092 1269
EQWATL 29 108 1038 1173

are the diurna plus semidiurnal fits S to the diurnal
cycles, where Sis defined in (2). The horizonta linein
each figure denotes the composite mean accumulation,
intensity, or frequency symbolized by Sin (2). The com-
posite means are based on the total number of dayswith
rain and days with data listed at the bottom of Table 1.

The composite diurnal cycle in accumulation has a
broad maximum in the early morning from 0400 to 0700
local time (LT; Fig. 2a). There is also an indication of
an increase around 1300—1500 LT, followed by the daily
minimum at 1800 LT. The diurnal harmonic S, domi-
nates the diurnal cyclein accumulation, explaining 78%
of the mean variance in the composite diurna cycle
shown.? The composite diurnal cycle in intensity (Fig.
2b) isnoisier than that of accumulation (95% confidence
interval is several times that for A), but a similar early
morning maximum is nevertheless discernible from
0400 to 0800 LT, as well as an evening minimum from
around 1800 to 2000 LT. In addition, a secondary in-
crease in intensity is also observed around 1300—-1500
LT. The diurnal harmonic also dominates the mean di-
urnal cycle in intensity, but in this case only explains
52% of the observed variance of the combined data
Another 19% of the variance in intensity is explained
by variability with an 8-h period (fit not shown), which
captures the afternoon activity more prominent in in-
tensity than in accumulation. Finally, the composite di-

2 All r2 values provided in the text are significant at the 95% con-
fidence level unless otherwise noted.
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Fic. 2. The composite diurnal cycle in (a) accumulation A, (b) intensity |, and (c) frequency
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levels. Also shown are the diurnal plus semidiurnal fit to the data (red lines) and the long-term
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means (black lines).

urnal cycle in the frequency of rain has a single early-
morning maximum from 0300 to 0600 LT and minimum
values throughout the day and early evening (Fig. 2c).
The diurnal harmonic again dominatesthe diurnal cycle,
explaining 81% of the mean variance in frequency for
the combined data.

Janowiak et al. (1994) show that the frequency of
heavy rain (the upper 10% of their hourly rain accu-
mulations) measured by optical rain gauges in the trop-
ical west Pacific warm pool region has a larger diurnal
amplitude than their medium or light rain categories. In
addition, their analysis of the COADS precipitation data
from 1970 to 1980 for the west Pacific warm pool region
(10°N-10°S, 140°-160°E) also indicates that the fre-
quency of heavy rain observations (showery precipi-
tation and thunderstorm activity) has a larger diurnal

amplitude than that of the frequency of drizzle or non-
showery precipitation observations in the COADS data.
In a more extensive analysis of COADS covering the
period 1975-97, and using global ocean data, Dai (2001)
also finds that the frequency of showery and nondrizzle
precipitation observations have larger diurnal ampli-
tudes over the global oceans than the frequency of driz-
zZle observations. Comparing directly with the Janowiak
et al. (1994) study, Sorooshian et al. (2002) also find
that the frequency of heavy rain events over open ocean
in thetropical west Pacific hasalarger diurnal amplitude
than the frequency of medium or light rain using rain
rates derived from geostationary satellite infrared data
corrected using Tropical Rainfall Measurement Mission
(TRMM) microwave measurements.

Figure 3 showsthe diurnal cyclein rainfall frequency

[ =)

Percent of
Category [%]

L
T

1 1 1 I I T 1 1

= e .
— light

0 3 6 9

12
Local Hour

15 18 21 24

Fic. 3. Composite diurnal cyclein the frequency of rain for heavy, medium, and light categories.
In this case, the frequency is normalized by the total number of observations in each category
rather than the number of observations in each hour, asis done in Fig. 2c. See text for details.
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from the TAO and PIRATA buoys for heavy, medium,
and light categories following the method of Janowiak
et a. (1994). As for Janowiak et al. (1994), the heavy
rain category is defined as the upper 10% of our hourly
rain events, the light rain category is defined as the
number of rain events with 1 mm or less, and the me-
dium category is everything in between. Also asin Jan-
owiak et al. (1994), the values in the figure have been
normalized by the total number of rain events in each
category, rather than by the number of total observations
for a given local hour, as was done in Fig. 2c.

The optical rain gauges discussed in Janowiak et al.
(1994) are limited to a 1-mm resol ution, with the lowest
possible hourly accumulation being 1 mm. Thus, their
light rain category differs slightly from ours, which in-
cludes hourly accumulations down to 0.5 mm. Never-
theless, we find that hourly rain events of 1 mm or less
constitute approximately 31%—-32% of the rain events
in our data, similar to the 31.8% found by Janowiak et
al. (1994) for the optical rain gauge data. On the other
hand, the upper 10% of hourly accumulations for our
data start at approximately 7.5 mm, nearly half of the
value of the 14.6 mm defining the upper 10% of the
optical gauge data. This difference is likely due to the
fact that the optical rain gauge data in the Janowiak et
al. (1994) study is limited to 4 months of data in the
west Pacific warm pool region, while the TAO and PIR-
ATA buoys represent a broader region and alonger time
period.

Figure 3 shows that the results of Janowiak et al.
(1994) apply to a broad area of the tropical oceans. The
frequency of heavy rainfall hasthe largest diurnal cycle,
peaking around 0400—0700 LT. The peak sharply drops
off until about 0900 LT, at which time a steady 4% is
observed until about 1500 LT, when a further decrease
is seen in the frequency of events. The medium category
has a smaller diurnal amplitude and peaks somewhat
earlier than the heavy rate category, at approximately
0300-0600 LT. The light rain category has no discern-
iblediurnal cycle. Theseresultsarein general agreement
with Dai (2001), who also generalizes the results of
Janowiak et al. (1994) to the global Tropics.

b. Regional and seasonal diurnal cyclesin the
rainfall parameters

The J-N and D—M diurnal cyclesin accumulation are
shown in Fig. 4 for the seven rain areas defined in Fig.
1. The vertical lines in these figures represent the 95%
confidence limits, where each day has been weighted
equally. Asin Fig. 2, the diurnal plus semidiurnal fits
to the data are al so shown, indicating the magnitude and
phase of these harmonics, aswell as the degreeto which
the data are explained by these frequencies as afunction
of season and region. Figures 5 and 6 are the same as
Fig. 4, but for intensity and frequency, respectively. As
explained in section 3a, the frequency of rain at agiven
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hour has no standard deviation by our method of cal-
culation. B

The values of S from (2) in Figs. 4—6 for the diurnal
plussemidiurnal fitsarelisted in Table 3 for each rainfall
parameter and are based on the number of days of rain
and days of data listed in Table 2. As for the diurnal
cycle calculations, lognormal means and 95% confi-
dence limits are shown for the accumulations and in-
tensities listed in Table 3. The wind speed—corrected
data (in parentheses) have higher average accumulations
and intensities, since wind-induced errorsbiasrain rates
to be low. Frequencies also increase by a few percent
for the corrected dataset, as the number of hourly ac-
cumulations above the 0.5-mm threshold increases, add-
ing to the count.

While we initially chose to separate the data into 6-
month seasons in order to isolate the diurnal variability
at locations with a strong seasonal cycle, comparing
Figs. 4a and 4b, it is evident that even for locations
where rainfall is relatively consistent over the 6-month
periods, the diurnal variability shows significant differ-
ences between seasons. For instance, in the NWPAC
during J-N there are two distinct maxima in rain ac-
cumulation: one in the early morning and one in the
afternoon. However, during D—M at this location, there
isasingle early-morning maximum in rain accumulation
and a minimum in the afternoon. In the SWPAC, the
diurnal cycle during J-N is relatively flat, with the ex-
ception of a strong minimum in the early evening, in-
dicating that rain is accumulating throughout most of
the day. This can be compared to the diurnal cycle in
accumulation during D-M in this region, which has a
relatively large and prominent morning peak, as well as
a small late-afternoon peak.

Seasonal and regional variability in the diurnal cycles
in intensity (Fig. 5) and frequency (Fig. 6) are also
observed in the west Pacific. As with the overall com-
posite dataset, the diurnal variability in intensity tends
to be on time scales of less than 12 h, while the diurnal
variability in frequency iswell described by the 24- and
12-h harmonics, S, and S,. Also as with the composite
dataset, diurnal variability in intensity is generally not
highly significant based on the 95% confidence limits
shown in Fig. 5. Despite this fact, there are instances
in which the diurnal variability in intensity contributes
significantly to the resulting diurnal variability in ac-
cumulation. For instance, in the NWPAC during J-N
intensity tends to increase toward the afternoon and
evening (Fig. 5a), while the frequency has a well-de-
fined peak in the early morning, with a small secondary
peak in the afternoon (Fig. 6a). The resulting diurnal
cycle in accumulation has two equal amplitude peaks
in the early morning and in the afternoon, as noted
above.

The semidiurnal fit to accumulation in the NWPAC
at this time has a dlightly larger amplitude than the
diurnal fit. In contrast, the diurnal amplitude in fre-
guency is nearly double that of the semidiurnal ampli-
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Fic. 4. The diurnal cycle in accumulation (blue lines) for the seven regions noted on the
plots for (a) Jun—Nov and (b) Dec-May. The vertical lines indicate two standard deviations of
the mean, or the 95% confidence levels. The sum of the diurnal and semidiurnal harmonics fit
to the raw data are also shown (red lines). Times shown on horizontal axes are hours (local

time).

tude for this case. Thus, while there is a great deal of
uncertainty in the diurnal cyclein intensity, diurnal var-
iations in this parameter appear to influence the more
robust results found for the diurna cycle in accumu-
lation.

The apparent influence of intensity on accumulation

is again observed in the SWPAC where, similar to the
NWPAC during J-N, afternoon accumulation in the
SWPAC during D—-M appears to result from relatively
high afternoon intensities, with only asmall correspond-
ing peak in frequency at this time. The semidiurnal am-
plitude in accumulation in the SWPAC during D—M is



3504 JOURNAL OF CLIMATE VoLUME 17
(a)
3 6 5 WATIL.
4 5 4
3 4 3
2 3 2
1 2 1 :
0 6 12 18 24 0 6 12 18 24 0 6 12 18 24
— 5 IJWPAC 5 NEPAC-S 2 EQWATL
T 4 4 4
g 3 3 3
=
= 2 2 2
1 | ; | :
0 6 12 18 24 0 6 12 18 24 0 6 12 18 24
5 SWPAC
4 —— Diurnal+semidiurnal fit
3 —— Hourly data
2
1
0 6 12 18 24
(b)
i e —— 8 s,
NWPAC 3 NEPAC-N NWATL
4 .
%N_AF& :
3
3
2
2
|
0 6 12 18 24
_ O[TTEQWRAC 5
oy 4 4
=
g 3 S
g 2 2
B s 1 .
0 6 12 18 24 0 6 12 18 24 0 6 12 18 24
6 SWPAC
3
—— Diurnal+semidiurnal fit
4 — Hourly data
3
2

0 6 12 18 24

Fic. 5. Asin Fig. 4, but for intensity.

slightly greater than the diurnal amplitude, with both
fits significant at the 99% confidence level. In contrast,
the diurnal amplitude in frequency is 50% larger than
the semidiurnal amplitude, with both fits also significant
at the 99% confidence level.

We can compare the results for the west Pacific di-
urnal cyclein rainfall parameters to those of Sorooshian
et al. (2002), who find that, overall, the west Pacific has
its maximum diurnal amplitude in hourly rain accu-

mulation during December—January—February (DJF).
(They do not look at the semidiurnal harmonic). This
isin agreement with our results, which indicate that the
diurnal amplitude S, of all three rainfall parametersis
larger for both the NWPAC and the SWPAC during D—
M than during J-N. Previous studies also note an af-
ternoon maximum in cloudiness in the SPCZ (Albright
et al. 1985; Neshitt and Zipser 2003). The late-afternoon
peak in accumulation in the SWPAC during D—M, and
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the afternoon peak in frequency for the SWPAC during
J-N are consistent with these earlier results.
Considering only the rainy seasonsin Figs. 4—6 when
the rainfall statistics are most reliable, the northern and
southern sections of the ITCZs also indicate significant
regional differences in the amplitude and phase of the
diurnal cyclesin therainfall parameters. The most strik-
ing example occurs in the NEPAC-N during J-N (Fig.

43), where diurnal maxima in accumulation are ob-
served in the late morning to early afternoon and at
midnight, contrary to most other locations and regard-
less of season. These maxima are coincident with the
diurnal maxima in rain intensity (Fig. 5a), while little
significant diurnal variability in frequency is observed
(Fig. 6a). Thus, the NEPAC-N provides another ex-
ample of a case in which the diurnal cycle in rain ac-
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TaBLE 3. The Jun—Nov and Dec-May seasonal mean accumulation
(A), mean intensity (1), and frequency (F) for the seven regions
defined in Fig. 1. Values based on wind speed—corrected rain rates
are shown in parentheses. The 95% confidence limits are shown for
A and |, assuming that each day is independent.

Region Season A (mm) I (mmh=t) F (%)
NWPAC Jun—Nov 0.27 = 0.02 3.0+ 0.2 8.9
(032 £ 0.03) (3303 (9.7

Dec—May 0.27 = 0.02 29+ 0.3 9.2

(0.32 £ 0.03) (3303 (9.9

EQWPAC  Jun—-Nov 0.13 = 0.01 30+ 02 4.2
(0.15 = 0.01) (32=*=03) (46

Dec—May 0.15 = 0.01 28 = 0.2 5.3

(018 = 0.02) (32=*=03) (56

SWPAC Jun—Nov 0.23 £ 0.02 3.0+ 03 7.6
(028 = 0.03) (35=*03) (81

Dec—May 0.32 = 0.03 35+ 03 9.1

(0.39 = 0.04) (4104 (95

NEPAC-N  Jun—-Nov 0.46 = 0.04 36 £03 126
(.57 = 0.06) (41 = 05) (13.8)

Dec-May  0.078 = 0.006 2.9 = 0.2 2.6

(0.103 = 0.008) (3.3 *+0.3) (3.1

NEPAC-S  Jun—-Nov 0.061 = 0.004 2.4 * 0.02 25
(0.083 = 0.008) (2.7 =0.2) (3.1)

Dec—May 0.22 = 0.02 28+ 0.2 8.0

(0.26 = 0.02) (3.0*+03) (86

NWATL Jun—Nov 0.28 = 0.03 3403 8.2
(0.31 = 0.04) (3704 (83

Dec-May  0.021 + 0.002 2.6 = 0.2 0.8

(0.021 = 0.002) (29 = 0.3) (0.8)

EQWATL Jun—Nov 0.069 = 0.006 2.4 *= 0.2 29
(0.088 = 0.008) (2.6 =0.2) (3.3

Dec—May 0.29 = 0.03 32+03 9.3

(0.32 £ 0.03) (34=*=03) (95

cumulation is strongly influenced by the diurnal cycle
in rain intensity, despite the large standard deviations
found for the diurnal cycle in intensity.

We took a closer look at the J-N diurnal cycles in
accumulation for the individual buoys contributing to
the NEPAC-N results shown in Fig. 4a (datanot shown).
All but the 10°N, 95°W buoy indicate late-morning/
early-afternoon positive anomalies in accumulation.
However, some locations also indicate positive anom-
aliesin accumulation in the predawn hours (12°N, 95°W,
10°N, 95°W; 8°N, 125°W), while others have aminimum
at this time and/or a maximum closer to midnight (9°N,
140°W, 8°N, 110°W; 8°N, 95°W). Thus, combining these
locations has likely accentuated the amplitude of the
afternoon accumulation maximum relative to the night-
time/predawn maxima due to phase differences in the
latter. Nevertheless, afternoon accumulation is a signif-
icant signal in these data at several locations within the
NEPAC-N region.

The results for the northeast Pacific ITCZ arein gen-
eral agreement with Sorooshian et al. (2002), who ob-
serve astrong diurnal cyclein hourly rain accumulation
in the Gulf of Tehuantepec (14°N, 95°W) from about
June to October with a broad accumulation maximum
from around midnight to 1200 LT. Their results also
indicate an afternoon maximum in rain accumulation
for these same months at 13°N, 100°W and a maximum
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diurnal amplitude from April to August near 10°N,
100°W, with a maximum rain accumulation occurring
in the early afternoon at this location. Yang and Slingo
(2001) also find that this region has variability in the
phase and amplitude of the diurnal cycle in rain accu-
mulation over short spatial scales, and both Sorooshian
et al. (2002) and Yang and Slingo (2001) note the in-
fluence of the land on the diurnal variability close to
the coastline in this region. However, it is unlikely that
such interactions would effect our data at 9°N, 140°W,
where a significant late-morning to early-afternoon
maximum in accumulation is also observed.

The remaining ITCZ regions—the NEPAC-S,
NWATL, and EQWATL—all indicate early-morning
maxima in accumulation during their respective rainy
seasons (Fig. 4). Additional late-afternoon to early-
evening activity isobserved inthe NWATL, and to some
extent the EQWATL. Analysis of two years of satellite
data within the Global Atmosphere Research Pro-
gramme (GARP) Atlantic Tropical Experiment (GATE)
region also indicates an afternoon maximum in hourly
accumulation in the Atlantic ITCZ (e.g., Reed and Jaffe
1981). Similar to the far east Pacific, the afternoon max-
ima in cloudiness and hourly rain accumulation in the
GATE region are attributed to land influences. However,
as our buoys within the NWATL and EQWATL are west
of thisregion, it is again unclear to what extent the two
results can be compared.

c. Regional and seasonal significance of the diurnal
and semidiurnal harmonics

In order to quantify the relative significance of the
diurnal and semidiurnal harmonics in the buoy rainfall
data, we first compare the amount of variance present
in a subset of the data on subdaily time scales to the
total variance over roughly a 6-month time period. Fig-
ure 7 shows an example of a power spectrum in hourly
accumulations from 5°N, 165°E. The power spectrum
is multiplied by frequency so that the area under the
curve reflects the variance at each frequency. Also
shown is the Ogive function (red line), defined as the
cumulative sum of the power spectrum from high to low
frequencies.

The Ogive function levels off at about 10 days, in-
dicating that variance in hourly rainfall is contained
primarily on time periods of 10 days or less. The var-
iance in the hourly data over time periods of up to 1
day is 59% of the total variance over 180 days for these
data. Performing a similar analysis on one buoy from
each region using a continuous segment of data at least
120 days in length and with at least 450 mm of rain,
we find that the variance on time periods of up to 1 day
accounts for anywhere from 45%-60% of the roughly
6-month total variance in hourly rainfall at the selected
buoys. Using satellite brightness temperature data, Yang
and Sling (2001) find that variability on time periods
of up to 1 day only accounts for 15%—20% of the total
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FiG. 7. The power spectrum and Ogive function for a 180-day time period of hourly
accumulations at 5°N, 165°E.

variance in their data. As cloudiness tends to vary more
slowly than hourly rainfall and their results are based
on 3-hourly data, this discrepancy is not surprising.

We also quantify the fraction of variance for periods
of up to 1 day, or diurnal variance, explained by the
semidiurnal and diurnal harmonics for each rainfall pa-
rameter and for each region and season, in order to
determine the significance of these harmonics on sub-
daily time scales. On aregional average, the diurnal and
semidiurnal harmonics together explain 50% (57%) of
the J-N (D-M) variance in A, 36% (40%) of the J-N
(D—M) variance in I, and 55% (70%) of the J-N (D-
M) variance in F. The diurnal harmonic alone explains
27% (39%) of the J-N (D—-M) variancein A, 17% (25%)
of the 3N (D-M) variancein |, and 37% (55%) of the
J-N (D-M) diurnal variance in F. The semidiurnal har-
monic aone explains 24% (18%) of the J-N (D-M)
diurnal variance in A, 19% (15%) of the N (D-M)
diurnal variance in I, and 17% (15%) of the J-N (D—
M) diurnal variance in F.

The regiona average values suggest that a slightly
larger fraction of the daily variance is explained by the
semidiurnal harmonic for J-N than for D—M for all three
rainfall parameters. A closer look at each region reveas
that for locations farthest north of the equator (NWPAC,
NEPAC-N, and NWATL), the semidiurnal harmonic in
accumulation and frequency explains more of the di-
urnal variance in these quantities and with greater sig-
nificance for J-N (summer) than for D-M (winter). For
intensity, only one of the three northern regions has at
least 95% significance associated with the semidiurnal
fit for D—M, while two have at least 95% significance
associated with the semidiurnal fit for -N. Theseresults
can be compared to the one region south of the equator
(SWPAC), where more variance in accumulation is ex-
plained by the semidiurnal harmonic for D-M (summer)
than for J-N (winter). On the other hand, the semidiurnal
variance in frequency is similar to that of J-N for this
region, while the semidiurnal variance in intensity is
greater for J-N. These results suggest that within about
10° of the equator, afternoon rainfall is more likely in
the summer than in the winter in the Northern Hemi-
sphere (or northern branch of the ITCZ), while it is

perhaps equally aslikely in either season in the Southern
Hemisphere (or SPCZ). In addition, the diurnal and
semidiurnal harmonics tend to explain a similar amount
of the diurnal variance in intensity, while variance in
frequency tends to be explained primarily by the diurnal
harmonic alone. Thislatter result is consistent with Figs.
4-6 and suggests that afternoon and early-evening max-
ima in accumulation are generally associated with max-
ima in intensity, while early-morning maxima in ac-
cumulation are generally associated with maximain fre-
guency and intensity.

Our squared correlations for the diurnal variance in
frequency are in general agreement with Dai (2001),
who finds that the diurnal harmonic explains 40% of
the mean daily variance in the frequency of occurrence
of all precipitation types over the ocean in the COADS
data. However, Dai (2001) does not find a seasonal de-
pendence in the variance explained by the diurna har-
monic using 3-month seasons. There is considerable re-
gional variability in the diurnal harmonic according to
both datasets, and the buoys represent a more limited
spatial domain than the COADS dataset. Thus, it is not
surprising that our results differ to some extent. Dif-
ferences may also be related to the different nature of
the two measures of rainfall frequency, the COADS data
being based on observers, and the buoy data being based
on direct measurements.

Semidiurnal variability in rain intensity is noted by
Sui et al. (1997) using radar data from TOGA COARE.
Their mean areal average rain intensity over al 4-
months of data indicates a single early-morning maxi-
mum around 0300 LT. When separated into convective
and stratiform rain categories, however, they find that
convective rain intensities have both an early-morning
and afternoon maximum, while stratiform rain has a
single early-morning maximum around 0300 LT. If their
data are further divided into convectively active and
suppressed conditions, mean rain intensity is seen to
peak in the early morning during the active phase and
in the afternoon during the suppressed phase. Janowiak
et a. (1994) and Neshitt and Zipser (2003) also find
that afternoon convection istypically less extensive and
shallower than early-morning systems. Thus, afternoon
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and early-evening peaks in rain intensity at the buoys
likely represent scattered and/or immature convective
cells.

Contrary to the results from the buoys and Sui et al.
(1997), Neshitt and Zipser (2003) do not observe sig-
nificant diurnal variability inrainintensity inthe TRMM
precipitation radar (PR) data averaged over the tropical
oceans from 1997 to 2001. This discrepancy may result
from sampling issues. The present study uses hourly
data collected over a similar time period as the Nesbitt
and Zipser (2003) data but only represent discrete points
in space. The TRMM PR data, on the other hand, have
roughly a 0.5-2-day time resolution, but have complete
spatial coverage of the Tropics. Some studies have
raised doubts that the PR sampling is sufficient for re-
solving the diurnal cycle in rainfall, even using 3 yr of
data (Negri et al. 2002). In addition, Serra and Mc-
Phaden (2003) attribute negative biases in the PR rain
rates when compared to the buoys to sampling errors.
Asthe Neshitt and Zipser (2003) study doesdetect early-
morning and afternoon convection with similar cloud
properties and areal extents as those described by Sui
et al. (1997) and Chen and Houze (1997), it is possible
that while the structure of the convection described by
the PR data is correct, the average rain rates may be
subject to large sampling errors.

5. Summary and discussion

The composite diurnal cycle in accumulation at the
buoys has a maximum from 0400 to 0700 LT and a
minimum around 1800 LT. Afternoon maxima in ac-
cumulation are also observed in the NWPAC, NEPAC-
N, and NWATL during J-N and in the SWPAC during
D-M. The early-morning maximum in accumulation is
coincident with a maximum in rain intensity and fre-
guency, while afternoon maxima in accumulation ob-
served at specific locations are most often associated
with maximain rain intensity.

The buoy data suggest that variability on time periods
of an hour to one day comprises about half of the total
variance in hourly rainfall over roughly a 6-month time
period. Of this diurnal variance, anywhere from 5%—
94% is explained by the diurnal and semidiurnal har-
monics for the seasonal and regional data, or 78% for
the data as a whole. The diurnal and semidiurnal har-
monics explain about 4%—67% of the regional and sea-
sonal diurnal variance in intensity, or 52% for the in-
tensity data as a whole. Finally, 16%-90% of the re-
gional and seasonal diurna variance in frequency is
explained by the diurnal and semidiurnal harmonics, or
81% for the data as a whole. Thus, the diurnal and
semidiurnal harmonicsare prominent in al threerainfall
parameters but vary significantly with region and sea-
son.

Despite the large standard deviations of hourly means
associated with the diurnal cycle in intensity for the
composite data, as well as the regional and seasonal
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data, diurnal variations in rain intensity are found to
significantly contribute to the diurnal variationsin rain
accumulation at the buoys, especially in the afternoon.
The seasonal and regional mean intensitiesfor each local
hour are typicaly based on less than 90 days of rain
for the 4 yr of data included in this study. As the time
period over which these data are avail able increases, the
significance of the diurnal cycle in this quantity should
be known with greater certainty. In the present study,
we suggest that diurnal variability in intensity is im-
portant when diurnal variability in accumulation cannot
be explained by frequency alone. We also attempt to
place the results relating afternoon rain accumulation to
variations in intensity in the context of previous studies
(e.g., Neshitt and Zipser 2003; Sui et al. 1997; Chen
and Houze 1997; Janowiak et al. 1994), which suggest
that the early-morning maximum in cloudiness/rainfall
results from deep, organized convective systems, while
the afternoon maximum in cloudiness/rainfall results
from shallow, unorganized convection of limited area
extent. Thus, we conclude that afternoon and early-
evening peaks in intensity at the buoys likely represent
the observation of small, unorganized systems, while
early-morning peaks in intensity and frequency likely
represent the observation of deep, organized systems.

Overall, the TAO and PIRATA rainfall measurements
are in general agreement with several previous satellite
and in situ analyses of rainfall, placing confidence in
these measurements as awhole. Our data, together with
previous studies, suggest that there is a high degree of
variability in the phase and amplitude of the diurnal and
semidiurnal harmonics in al three rainfall parameters
over open ocean in the Tropics. Processes related to the
solar cyclethat are thought to be important to convective
devel opment include radiation—cloud interactions (Gray
and Jacobson 1977; Randall et al. 1991) and surface
forcing (Chen and Houze 1997). There is also some
suggestion that the diurnal pattern in low-level wind
divergence, shown to be important to the diurnal cycle
in rainfall over land (Dai et al. 1999), may also con-
tribute to the diurnal cycle in rainfall over open ocean
(Dai and Deser 1999; Dai 2001). More research is need-
ed to understand specifically how these processes, and
possibly othersnot yet discovered, produce the observed
diurnal cycle in rainfall and its regional and seasonal
variability.
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